In lung adenocarcinoma, canonical EML4-ALK inversion results in a fusion protein with a constitutively active ALK kinase domain. Evidence of ALK rearrangement occurs in a minority (2-7%) of lung adenocarcinoma, and only~60% of these patients will respond to targeted ALK inhibition by drugs such as crizotinib and ceritinib. Clinically, targeted anti-ALK therapy is often initiated based on evidence of an ALK genomic rearrangement detected by fluorescence in situ hybridization (FISH) of interphase cells in formalin-fixed, paraffin-embedded tissue sections. At the genomic level, however, ALK rearrangements are heterogeneous, with multiple potential breakpoints in EML4, and alternate fusion partners. Using next-generation sequencing of DNA and RNA together with ALK immunohistochemistry, we comprehensively characterized genomic breakpoints in 33 FISH-positive lung adenocarcinomas. Of these 33 cases, 29 (88%) had detectable DNA level ALK rearrangements involving EML4, KIF5B, or non-canonical partners including ASXL2, ATP6V1B1, PRKAR1A, and SPDYA. A subset of 12 cases had material available for RNA-Seq. Of these, eight of eight (100%) cases with DNA rearrangements showed ALK fusion transcripts from RNA-Seq; three of four cases (75%) without detectable DNA rearrangements were similarly negative by RNA-Seq, and one case was positive by RNA-Seq but negative by DNA nextgeneration sequencing. By immunohistochemistry, 17 of 19 (89%) tested cases were clearly positive for ALK protein expression; the remaining cases had no detectable DNA level rearrangement or had a non-canonical rearrangement not predicted to form a fusion protein. Survival analysis of patients treated with targeted ALK inhibitors demonstrates a significant difference in mean survival between patients with next-generation sequencing confirmed EML4-ALK rearrangements, and those without (20.6 months vs 5.4 months, Po 0.01).
In lung adenocarcinoma, canonical EML4-ALK inversion results in a fusion protein with a constitutively active ALK kinase domain. Evidence of ALK rearrangement occurs in a minority (2-7%) of lung adenocarcinoma, and only~60% of these patients will respond to targeted ALK inhibition by drugs such as crizotinib and ceritinib. Clinically, targeted anti-ALK therapy is often initiated based on evidence of an ALK genomic rearrangement detected by fluorescence in situ hybridization (FISH) of interphase cells in formalin-fixed, paraffin-embedded tissue sections. At the genomic level, however, ALK rearrangements are heterogeneous, with multiple potential breakpoints in EML4, and alternate fusion partners. Using next-generation sequencing of DNA and RNA together with ALK immunohistochemistry, we comprehensively characterized genomic breakpoints in 33 FISH-positive lung adenocarcinomas. Of these 33 cases, 29 (88%) had detectable DNA level ALK rearrangements involving EML4, KIF5B, or non-canonical partners including ASXL2, ATP6V1B1, PRKAR1A, and SPDYA. A subset of 12 cases had material available for RNA-Seq. Of these, eight of eight (100%) cases with DNA rearrangements showed ALK fusion transcripts from RNA-Seq; three of four cases (75%) without detectable DNA rearrangements were similarly negative by RNA-Seq, and one case was positive by RNA-Seq but negative by DNA nextgeneration sequencing. By immunohistochemistry, 17 of 19 (89%) tested cases were clearly positive for ALK protein expression; the remaining cases had no detectable DNA level rearrangement or had a non-canonical rearrangement not predicted to form a fusion protein. Survival analysis of patients treated with targeted ALK inhibitors demonstrates a significant difference in mean survival between patients with next-generation sequencing confirmed EML4-ALK rearrangements, and those without (20.6 months vs 5.4 months, Po 0.01).
Together, these data demonstrate abundant genomic heterogeneity among ALK-rearranged lung adenocarcinoma, which may account for differences in treatment response with targeted ALK inhibitors. Modern Pathology (2018) 31, 791-808; doi:10.1038/modpathol.2017.181; published online 12 January 2018
Cancer accounted for 8.8 million deaths in 2015, with lung cancer comprising approximately one in five (1.69 million) of those deaths, making it the leading cause of cancer mortality worldwide. 1 The anticipated number of new cases of lung and bronchial cancer in the United States for 2017 is 222 500 with 155 870 deaths. 2 The 5-year survival rate of lung cancer from 2006 to 2012 in the United States was 18% (15% for men and 21% for women). The treatment and prognosis of lung cancer varies considerably based on the specific pathologic findings and subtype. Broadly, lung cancer is divided into small-cell lung cancer that is aggressive (though sensitive to treatment with radiation), and nonsmall-cell lung cancer that can show a range of behaviors and treatments dependent on other properties of the tumor, including molecular alterations. Non-small-cell lung cancer itself is divided into squamous carcinoma and adenocarcinoma. In lung adenocarcinoma, the canonical EML4-ALK inversion results in a fusion protein containing a dysregulated, constitutively active ALK kinase domain. [3] [4] [5] [6] [7] [8] Although evidence of ALK rearrangement only occurs in a minority (2-7%) of cases, 9~6 0% will respond to targeted inhibition of ALK by drugs such as crizotinib, ceritinib, alectinib, and brigatinib. [10] [11] [12] [13] [14] [15] [16] [17] ALK rearrangement is associated with specific clinical features, including higher incidence among women, younger patients, patients of Asian descent, and non-smokers. Moreover, there are a handful of histo-and cyto-pathologic features associated with ALK rearrangement (acinar structure, higher histologic grade). [18] [19] [20] None of these features (alone or in combination) provide a strong enough association to diagnose the chromosomal rearrangement or select patients for testing, however, and ancillary diagnostic tests remain critical for identifying the therapeutic target.
The canonical ALK rearrangement in lung adenocarcinoma is an inversion of the short (p) arm of chromosome 2, with breakpoints in the ALK and EML4 genes (Figure 1 ). The ALK breakpoint lies most frequently within intron 19 (reference sequence NM_004304.4), though there are rare exceptions; however, the partner breakpoint within EML4 is quite variable, occurring in a variety of introns, most commonly intron 13, 20, and 6 (reference sequence NM_019063.4). 4 Other ALK translocation partners (the most common of which is KIF5B) constitute a small but significant proportion of ALK rearrangements in lung adenocarcinoma, and new rearrangement partners are reported regularly. 7, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] The tumorigenic properties of ALK fusion proteins derive from constitutive activity of the tyrosine kinase domain of ALK. The 5′ fusion partner provides promoter and initiation sites, and permits constitutive dimerization of the translated protein. 3, 7, 32 The canonical EML4-ALK rearrangement is well established as a driver of cancer, and limited data suggest that different rearrangements may vary in their pathogenic properties, even among the canonical fusions. [33] [34] [35] In addition, single-nucleotide variants (SNVs) altering the coding sequence of ALK or other genes (such as EGFR) can drive oncogenesis or impart resistance to targeted inhibition, despite the presence of an ALK rearrangement. [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] Clinically, targeted anti-ALK therapy is initiated based on evidence of ALK genomic rearrangement as detected by fluorescence in situ hybridization (FISH) performed on interphase cells in formalin-fixed, paraffin-embedded tissue sections. Because of the promiscuous nature of the translocation, a 'breakapart' FISH probe is the preferred identification strategy, forming the basis for the original 'in vitro device companion diagnostic' (CDx) assay approved by the US-FDA. 47, 48 Although break-apart FISH Figure 1 Inversion of chromosome 2p results in constitutively active EML4-ALK fusion protein. Structural rearrangements involving the ALK gene drive a number of cancers. In non-small-cell lung cancer, the most common structural rearrangement involving the ALK locus is an inversion of a portion of chromosome 2p, juxtaposing the 5′ portion of EML4 to the 3′ portion of ALK (a). ALK is not normally transcribed in adult lung, but under the control of the EML4 promoter, the EML4-ALK fusion gene is transcribed. Notably, the reciprocal translocation juxtaposing the 5′ portion of ALK to the 3′ portion of EML4 also occurs, but as it retains the ALK promoter, it is not transcribed (indicated in gray). Wild-type ALK is a receptor tyrosine kinase known to drive developmental pathways, particularly in the nervous system (tyrosine kinase domain indicated by dark-green bars). In the presence of ALK ligand, wild-type ALK proteins homodimerize, driving downstream developmental processes such as cellular proliferation (b). Under transcriptional control of the EML4 promoter, the EML4-ALK fusion protein is expressed in lung tissue, and the dimerization domain of EML4 (dark purple bars) permits unregulated dimerization of the TK domain, constitutively activating downstream pathways.
probes are generally considered sensitive, they do not permit differentiation or identification of ALK partner genes or non-canonical breakpoints, raising the possibility that not all aberrant ALK FISH patterns (among those deemed positive) represent actual fusion events responsive to targeted inhibitors. Indeed, 'non-productive rearrangements' involving the ALK locus may disrupt the reading frame of one or both genes, fuse with non-coding intergenic DNA, or result in genes in opposing transcriptional orientation ('antisense rearrangement'). All of these 'non-productive' rearrangements would yield a positive test result by FISH, but produce no targetable protein. More complex rearrangements have also been reported. 24 In addition to the genomic variation with breakpoints, formalin-fixed, paraffin-embedded FISH carries potential interpretive limitations including overlapping nuclei or partial sectioning of nuclei, yielding a risk of false-positive or falsenegative results. 49 Notably, lung adenocarcinoma determined to be 'ALK positive' by formalin-fixed, paraffin-embedded FISH has only 60% objective response rate to ALK inhibitors. [10] [11] [12] [13] [14] [15] Although orthogonal sequencing methods such as rapid amplification of cDNA ends PCR may be used to identify and characterize non-canonical rearrangements, these techniques can be laborious, and are often limited to the research setting with moderate success. 15, 24, [50] [51] [52] Recently, immunohistochemistry for ALK protein expression has been approved as an additional companion diagnostic for ALK-rearranged lung cancer. 47, [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] Immunohistochemistry detects expression of the active portion of ALK, and therefore should be positive only when a targetable protein is expressed in the tumor. However, immunohistochemistry results may be subject to preanalytic factors (eg, specimen fixation times, type of fixative, and ischemic time), and interpretive errors. Moreover, ALK immunohistochemistry is not inherently specific for ALK fusion proteins, and could in principle be confounded by overexpression of ALK driven by other mechanisms, including amplification or alternative transcription initiation (ATI) of ALK, rather than a true fusion protein. 40, 67, 68 Targeted DNA next-generation sequencing can offer a more detailed analysis of chromosomal rearrangements, including identification of the specific DNA breakpoints and fusion partners and is now commonly included in many so-called 'cancer gene panels.' Targeted identification of DNA level rearrangements generally involves designing capture probes spanning intronic regions where chromosomal breakpoints are known to occur or may use ligation-mediated methods. 69, 70 In addition to detailed information regarding the structural rearrangement, next-generation sequencing offers opportunities for broader genomic analysis, including the identification of SNVs in EML4-ALK or in other genes potentially contributing to acquired therapeutic resistance. Clinical grade RNA sequencing (RNA-Seq) has recently become available in the clinical setting and can be performed on routine formalin-fixed, paraffin-embedded material. For fusion detection, a major advantage of RNA-Seq over targeted DNAbased sequencing is that it represents an unbiased approach and can theoretically identify any expressed gene rearrangement without the need for construction of probes covering commonly involved introns. In this study, we sought to characterize t he genomic heterogeneity of ALK fusion breakpoints in a set of 33 ALK FISH-positive lung adenocarcinomas using DNA sequencing, RNA-Seq, and immunohistochemistry.
Materials and methods
From a set of 1532 unselected, consecutive cancer cases evaluated for ALK rearrangement by interphase FISH from 2012 to 2016 at Washington University (St Louis, MO, USA), we identified 20 cases that were positive for an ALK rearrangement by FISH and had DNA-based targeted next-generation sequencing performed as part of routine patient care; 12 cases retained enough additional material for additional RNA-Seq. A second set of 13 ALK FISH-positive cases with targeted next-generation sequencing performed as part of routine patient care was obtained from the University of Washington (Seattle, WA, USA). Clinical and demographic data for the patient cohort is given in Table 1. DNA sequencing was performed using either the Comprehensive Cancer Gene Set Version 2 nextgeneration sequencing assay (Washington University Genomics and Pathology Services, St Louis, MO, USA) for the 20 cases originating at Washington University or the UW-OncoPlex version 5 assay for the 13 cases originating from the University of Washington. The methods and workflow of both assays have been reported previously. [71] [72] [73] [74] Raw data (FASTQs) generated by both assays were analyzed using the Washington University analysis pipeline as described below. For cases originating from Washington University, formalin-fixed, paraffin-embedded tissue specimens were obtained and reviewed by a board-certified pathologist (JNR and EJD) to confirm the diagnosis and select areas of highest percent tumor cellularity and viability (at least 10%). Tissue was collected from the designated regions either by coring the block with a single-use, disposable 1 mm sterile punch, scraping unstained slides, or by collecting scrolls (complete sections) of tissue from the block. Genomic DNA was extracted manually from the submitted tissue using the QIAamp DNeasy blood and tissue kit (Qiagen, Valencia, CA, USA), fragmented to~200 base pairs (bp) by ultrasonication, end-repaired, A-tailed, and ligated to sequencing adapters, followed by limited-cycle PCR using the Agilent SureSelect library kit (Agilent Technologies, Santa Clara, CA, USA). All libraries were constructed to contain a single sample-specific 7-bp index. Enrichment of the exons of 151 genes, flanking regions, and selected introns, totaling~600 kb, was performed using custom solution-phase complementary RNA hybrid-capture followed by additional limited-cycle PCR (SureSelect; Agilent Technologies) to yield at least 5 μmol/L concentration for sequencing (Supplementary Table 1 ). All libraries were captured individually and pooled at equimolar concentrations prior to sequencing. Up to 1000 ng DNA from each sample was used for sequencing (or the entire amount of available DNA extract, for cases with genomic DNA yields of o 1000 ng). Sequencing was performed in multiplex on an Illumina (San Diego, CA, USA) HiSeq 2500 instrument with the manufacturer's protocol for 101-bp paired-end reads. Base calls were made by Cassava 1.8 (Illumina), and Novoalign 2.08.02 (Novocraft Technologies, Selangor, Malaysia) was used to map the reads to the human reference genome (UCSC build hg19, NCBI build 37.2).
For cases originating at the University of Washington, DNA was extracted from formalin-fixed, paraffin-embedded solid tumor tissue samples using the Gentra Puregene DNA Isolation Kit (catalog #158489; Qiagen). H&E-stained slides were reviewed before DNA extraction for all formalin-fixed, paraffin-embedded samples, and when necessary, macrodissection of tumor-containing regions was performed to enrich tumor cellularity. Tumor cellularity was estimated by review of H&E-stained slides. Sequencing libraries were constructed from 500 ng of DNA using KAPA Hyper Prep kits (Kapa Biosystems, MA, USA) and hybridization was performed using the Oncoplex assay with custom Agilent SureSelect probes (Agilent Technologies; Supplementary Table  2) . DNA sequencing was performed on a HiSeq 2500 sequencing system (Illumina) with 2 × 101 bp, paired-end reads, or on a NextSeq 500 (Illumina) with 2 × 150 bp, paired-end reads according to the manufacturer's instructions. Initial read mapping against the human reference genome (hg19/GRCh37) and alignment processing was performed using BWA version 0.6.1 (http://sourceforge.net/projects/biobwa/files).
Cases sequenced at both Washington University and University of Washington were analyzed using the same pipeline. SAMtools22 (version 0.1.18-1), and Genome Analysis ToolKit (GATK; version 1.2) were used to call SNVs and small indel variants. Large indels and chromosomal rearrangements (including ALK rearrangements) were identified using the Breakdancer and ClusterFast software packages. 69 Integrative Genomics Viewer26 (IGV version 2.0.16 or later) and the Clinical Genomicist Workspace application version 2.0 (CGW; PierianDX, St Louis, MO, USA) were used for visualization and interpretation. Software parameters and commands are included in Supplementary Table 3 . Sequencing included probes targeting ALK introns 16-22 in addition to other cancer-related genes.
For RNA-Seq, RNA was first extracted from formalin-fixed, paraffin-embedded blocks using the Ambion Recoverall kit (ThermoFisher) following a 3 h proteinase K incubation at 55°C. RNA-Seq libraries were generated using a whole transcriptome approach. cDNA was generated from formalin-fixed, paraffin-embedded RNA by applying random primers to rRNA-depleted material using the Illumina TruSeq Stranded Total RNA Library Prep Kit with Ribo-Zero Gold according to the manufacturer's instructions; inputs of 100-1000 ng were used. Final libraries were quantified using the Qubit assay (ThermoFisher) and library quality was assessed with the Agilent 2100 Bioanalyzer. The libraries were sequenced on an Illumina NextSeq 500 instrument with paired-end 150 bp reads. Fusions were detected from the resulting sequences by first aligning the sequences to the hg19 genome using Tophat2 v2.1.1 with the 'fusion-search' flag and the s.d. between mate pairs set to 100 bases, the maximum intron length set to 30 000 bases, the minimum distance to call a fusion was 30 000 bases and the fusion anchor length was required to be at least 10 bases. The default parameter values for the software were used for all other parameters. The resulting predicted fusion genes from the 'fusions. out' file were filtered using a custom-filtering script that first assigned the fusion breakpoints to genes based on the UCSC knownGenes annotation file. Any fusion breakpoints that were not supported by at least two reads with different start sites were filtered out as false-positives.
Immunohistochemistry for expression of ALK protein was performed by Clarient Diagnostic Services (ALK D5F3; Aliso Viejo, CA, USA). All immunohistochemistry slides were reviewed by one or more authors on the study, pathologists Of the 33 total cases in the cohort, 27 cases (82%) demonstrated concordance between formalin-fixed, paraffin-embedded FISH, and detection of ALK rearrangement by DNA next-generation sequencing (Table 2 ). Figure 2 illustrates a representative concordant case, comparing formalin-fixed, paraffin-embedded FISH, DNA next-generation sequencing, and immunohistochemistry (RNA data not shown). Of the discordant cases, several harbored variants thought to be mutually exclusive of ALK rearrangement in lung adenocarcinoma: case numbers 12 and 18 demonstrated KRAS variants (at codons 13 and 12, respectively), and case number 25 demonstrated an EGFR p.L858R variant. 18, 75 In all three cases, the variant allele frequency (VAF) was significant, suggesting the variants do not represent minor subclones within the neoplasm (Table 2 ). Case number 13 was also positive by FISH and negative for rearrangement by DNA next-generation sequencing, but no mutually exclusive variants were identified; however, ALK immunohistochemistry was also negative in this case. Notably, the FISH results in case numbers 12 and 18 are near the minimum threshold recommended by the manufacturer (Table 2 ). While we cannot exclude the possibility that ALK rearrangements were not detected in these discordant cases for technical reasons, we note the mean coverage in the ALK intronic region in these cases was not statistically different from the coverage of cases in which a rearrangement was detected (751 vs 938, P = 0.48, Student's t-test). Furthermore, the tumor cellularity was not significantly different in the discordant cases compared to cases in which a rearrangement was detected by DNA next-generation sequencing (57 vs 43%, P = 0.08, Student's t-test).
In Table 2 ), both a translocation and a reciprocal rearrangement were identified. In the most straightforward scenario, the reciprocal rearrangement would be the direct inverse of the pathogenic rearrangement (ie, an EML4-ALK rearrangement would be accompanied by the reciprocal ALK-EML4 as in Figure 1a , and case numbers 26, 30, 31, and 32). It is noteworthy, though, that the reciprocal rearrangement does not always involve the exact breakpoints as the primary rearrangement; in some cases, the breakpoint of the reciprocal was markedly distant from the pathogenic breakpoint (see the breakpoints for case numbers 7, 8, 16, 17, and 23 in Table 2 ). Case number 17 harbors multiple distinct rearrangements involving the ALK locus. Only one of the detected rearrangements appears capable of producing a functional fusion transcript (NBAS-ALK), although an ALK-EML4 rearrangement (rather than the pathogenic EML4-ALK) was also detected (Figure 3 ). The detection of multiple rearrangements involving the ALK locus has been previously reported in a patient resistant to targeted therapy. 44 As noted above, of 33 cases positive for ALK rearrangement by FISH, 27 (82%) showed evidence of rearrangement by DNA sequencing (Table 2) . Twenty-one of these rearrangements (91%) correspond with canonical EML4-ALK inversions on chromosome 2 (variant 1-EML4 exon 13 fused to ALK exon 20; variant 2-EML4 exon 20 fused to ALK exon 20; variant 3-EML4 exon 6 fused to ALK exon 20; Figure 4a ). In addition, one case demonstrated the less common KIF5B-ALK rearrangement, 21, 23 and another case showed a variant isoform of the recently described PRKAR1A-ALK rearrangement 26 ( Figure 4b ).
Entirely novel rearrangements were identified in four cases (35%). Sequence data from these cases suggest only two of these cases (case numbers 17 and 19) would produce a viable fusion transcript (NBAS-ALK in case 17 and SPDYA-ALK in case 19; Figure 3 and Figure 4c ). The remaining rearrangements (case numbers 1 and 6) appear to result in antisense rearrangements, and would not be predicted to produce a fusion transcript (Table 2 and Figure 5 ). In light of the fact that reciprocal rearrangements are not necessarily identical to the primary pathogenic rearrangement, antisense rearrangements could simply be reciprocals for which the primary rearrangement was present but not detected. In case number 1, only a single rearrangement was detected, but it involves the 3′ portion of ALK as expected from a primary rearrangement rather than a reciprocal. In case number 6, both a primary and reciprocal were detected and neither one would be expected to produce a fusion transcript. Notably, both cases number 1 and number 6 were sampled for . This patient presented with stage IV adenocarcinoma with metastases to the pleura. Treatment with the first-line anti-ALK agent crizotinib was initiated along with HSP-90 inhibitor as part of a clinical trial. After completion of the study, the patient started single-agent crizotinib. The patient survived 19 months from the time of diagnosis, and was still alive at the time of this study, though with progression based on growth of the pleural metastasis. Formalin-fixed, paraffin-embedded FISH (b) detects genomic rearrangement involving the ALK locus using a break-apart probe strategy. Red and green probes hybridize to genomic positions on each side of the ALK intron 19 breakpoint. When the probes are juxtaposed in the intact chromosome, they yield a yellow signal (filled yellow arrows). Separate red and green signals identify a rearrangement involving the ALK locus (open red arrows). Immunohistochemistry for ALK protein, recently approved by the United States Food and Drug Administration (US-FDA) as an additional methodology, demonstrates robust cytoplasmic staining in neoplastic tissue (c). DNA nextgeneration sequencing using paired-end sequencing maps multiple sequencing reads from the patient specimen to the reference human genome. (d-f) show a composite screen capture from Integrated Genome Viewer (IGV, available from the Broad Institute), displaying the breakpoint in intron 19 of ALK on the left. Gray bars represent sequencing reads mapping to the reference human genome without mismatch. Sequence reads that map to two different portions of the genome ('split-reads' or 'chimeric reads') are identified by multicolored bars. These split-reads directly overlie the chromosomal breakpoint. Note that two different patterns of split-reads can be identified, corresponding to the EML4-ALK rearrangement and its reciprocal, ALK-EML4 (see Figure 1 for a schematic explanation of reciprocal rearrangements). Note also that the breakpoints are not identical in the pathologic rearrangement and its reciprocal. Reads that are an unexpected distance from their designated pair ('unpaired' or 'mispaired' reads; teal and green bars) can be used to locate the rearrangement partner (in this case, EML4 intron 13, shown in e, and the reciprocal partner in intron 3 of the NCKAP5 gene in f). Scale bars represent 200 μm.
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Genomic heterogeneity of ALK fusions Figure 3 Multiple independent genomic rearrangements are detected at the ALK locus by DNA next-generation sequencing in a single case of lung adenocarcinoma. Case number 17 is a 55-year-old male non-smoker, stage T1aN2M0 at the time of diagnosis. The patient underwent surgery, then treatment with alectinib for 11 months, continuing at the time of this study. Multiple breakpoints and rearrangement partners were detected within the same specimen, which was collected prior to anti-ALK therapy. (a) depicts one rearrangement involving ALK intron 17. Both the rearrangement and its reciprocal are detected as split-reads; however, only one rearrangement is confirmed by mispaired reads (dark-blue bars). The supported rearrangement has breakpoints in ALK intron 17 (left side) and EML4 intron 21 (right side), a previously unreported rearrangement. It is important to note, though, that the rearrangement supported by this assay represents ALK-EML4, rather than the pathogenic EML4-ALK. (b) depicts a second distinct rearrangement event in intron 19 of ALK (right side), which produces a rearrangement to intron 35 of the NBAS gene. This rearrangement is an interchromosomal translocation between chromosome 2 and its homologous pair, rather than an inversion, and might produce a fusion transcript. The reciprocal rearrangements at this breakpoint involved non-coding intergenic regions on chromosome 2. RNA-Seq did not detect any fusion transcripts from this specimen (data not shown), but immunohistochemistry performed is positive for ALK expression in tumor cells (compare H&E in c to immunohistochemistry in d). Scale bars represent 200 μm.
resistance. 44 However, unlike targeted DNA sequencing, RNA-Seq is unbiased, involving no upfront gene enrichment. In 10 of the 12 cases (83%), RNASeq data were entirely consistent with the DNA nextgeneration sequencing data, including identification of the specific isoform of the fusion transcript (Table 2 ). Case number 3 showed overexpression of ALK mRNA, but no fusion transcript was identified, despite the detection of EML4-ALK genomic rearrangement by DNA next-generation sequencing. The discrepancy may be explained by the quality of the RNA input; for case number 3, the percentage of Figure 4 Five putative ALK fusion transcripts are identified by next-generation sequencing. Among the 33 cases positive for ALK rearrangement by formalin-fixed, paraffin-embedded FISH, we identified seven genomic rearrangements capable of producing fusion transcripts. All putative fusions include the C-terminal region of ALK (green), including the kinase domain (dark-green bars). Three canonical EML4-ALK fusions were identified (a): variant 1 (EML4 exon 13: ALK exon 20; GenBank AB274722.1), variant 2 (EML4 exon 20: ALK exon 20; GenBank AB275889.1), and variant 3 (EML4 exon 6: ALK exon 20; GenBank AB374361.1). All three EML4-ALK fusions include the N-terminal dimerization domain of the EML4 protein (dark-violet bars). Two less common but previously reported fusions were also identified (b): variant 1 of KIF5B-ALK (KIF5B exon 24: ALK exon 20; GenBank AB462413.1), and a previously unreported variant of PRKAR1 A-ALK (PRKAR1A exon 10: ALK exon 20, referred to here as variant 2). Dimerization domains for KIF5B and PRKAR1A are indicated by the dark-orange and dark-blue bars, respectively. Two cases harbored genomic rearrangements predicted to produce novel fusion transcripts (c): SPDYA exon 10: ALK exon 20 and NBAS exon 35: ALK exon 20. Whether or not SPDYA or NBAS would permit constitutive dimerization is unclear. Notably, the NBAS-ALK rearrangement was detected in a complex case with multiple rearrangements. The proportion of detected rearrangements is approximately consistent with the frequency of fusion isoforms in published literature and clinical databases (d; COSMIC). RNA-Seq on a subset of cases confirms fusion partners and quantifies expression of 3′ ALK in transcripts per million reads (TPM; e). Comparison to TCGA data (5 cases with an identified fusion (+), 510 cases with no identified fusion ( − )) reveals case number 3 has elevated expression of ALK without evidence of a fusion transcript (case number 3 is highlighted by a purple ring).
Genomic heterogeneity of ALK fusions reads mapping to exons was low (20%; mean 33%, range 20-40%), whereas the percentage of reads mapping to intergenic sequence was high (40%; mean 17%, range 10-40%), suggesting possible contamination by DNA. In case number 1, RNASeq detected a canonical EML4-ALK exon13:20 fusion transcript (GenBank: AB274722.1), whereas DNA next-generation sequencing detected a novel, antisense rearrangement predicted to result in no functional transcript (Table 2, Figure 4e , and Figure 5 ). Notably, case number 1 was sequenced during (rather than prior to) tyrosine kinase inhibitor treatment, and multiple rearrangements have been reported consequent to treatment. 44 It is possible, then, that case number 1, like case number 17, harbors multiple independent rearrangements; moreover, the bioinformatic tools implemented to detect chromosomal rearrangement from DNA Figure 5 DNA next-generation sequencing predicts an antisense rearrangement at the ALK locus. Case number 1 is a 39-year-old nonsmoking male who presented with lung adenocarcinoma stage T2aN3M1 (metastasis to the brain). The patient began cisplatin, pemetrexed, and bevacizumab along with whole-brain radiation. The patient was started on crizotinib for 6 months, during which time the radiotherapy was completed. The patient was transitioned to ceritinib for 1 month, then alectinib for 4 months, on which he continues to be stable. Notably, DNA next-generation sequencing was performed on a sample taken during his treatment with crizotinib. Nextgeneration sequencing showed a single rearrangement involving intron 3 of the ASXL2 gene (a), and intron 20 of ALK (b). Analysis indicated this rearrangement is an inversion of chromosome 2, but as the genes are normally oriented in the same direction, an inversion is predicted to result in an antisense rearrangement, and no transcript (c; compare to Figure 1a) . RNA-Seq, in contrast, identified a canonical EML4-ALK variant 1 transcript (data not shown). One possible explanation for the discrepancy is that the tumor harbors multiple rearrangements (as in case number 19) , and sampling of a heterogeneous neoplasm yielded different results. The fact that the patient was not naive to treatment lends some support to this hypothesis, as multiple rearrangements in lung adenocarcinoma have been previously described in a patient who developed therapeutic resistance. 44 next-generation sequencing may have different sensitivities from those used in RNA-Seq, potentially overlooking a clone, especially one repressed by therapy.
Immunohistochemistry for expression of ALK protein was performed on 19 cases with available tissue (Table 2 ). Robust cytoplasmic staining was evident in 17 of the cases (89%). Case number 13 was negative by immunohistochemistry, and case number 12 demonstrated indeterminate positivity (questionable positivity in a handful of cells from a cytology specimen lacking good architecture). Both of these cases had been negative for ALK rearrangement by both DNA next-generation sequencing and RNA-Seq; moreover, case number 12 had a KRAS p. G13C variant (VAF 73%), suggesting the focal immunohistochemistry staining represents falsepositivity. Overall, sequencing data suggested three cases should not express ALK protein based on absence of a detectable rearrangement (case numbers 6 and 12) or the orientation of translocation breakpoints (case number 13), but only case number 13 was definitively negative (case number 12 was indeterminate). Case number 6 was positive for ALK expression by immunohistochemistry, despite targeted DNA next-generation sequencing and RNASeq showing neither evidence of genomic rearrangement, nor increased transcripts.
Where available, the clinical history of each patient was evaluated with particular attention paid to treatment with targeted ALK inhibitors (Supplementary Table 4 ). Only 23 of 33 patients (70%) with follow-up clinical data received treatment with a targeted ALK inhibitor (crizotinib, ceritinib, alectinib, or X396) despite positive FISH results. Three patients (case numbers 1, 3, and 9) were sequenced after the initiation of anti-ALK targeted therapy. Two patients (case numbers 8 and 18) were treated for 1 month or less. Among the patients who received targeted therapy and were sequenced prior to the initiation of therapy, average survival was 15.1 months (range: 1-37 months). To assess the clinical utility of the additional information provided by next-generation sequencing, patients who were sequenced prior to beginning anti-ALK therapy were dichotomized based on whether next-generation sequencing detected a canonical EML4-ALK rearrangement or detected another result (no rearrangement or non-canonical/ novel rearrangements). Patients harboring nextgeneration sequencing confirmed, canonical EML4-ALK rearrangements survived an average of 20.6 months (n = 14; range = 3-42 months). In contrast, patients without canonical EML4-ALK rearrangements survived an average of 5.4 months on anti-ALK therapy (n = 6; range = 1-11 months), a statistically significant difference (P o 0.01 by Student's ttest). Kaplan-Meier survival curves are shown in Figure 6 demonstrating a significant survival difference between patients with canonical EML4-ALK Figure 6 Next-generation sequencing segregates patients by response to targeted therapy. Of the 33 patients included in the study, 20 patients received targeted therapy directed at ALK, and had next-generation sequencing genomic analysis performed prior to treatment (Supplementary Table 4 ). The mean survival for these 20 patients is 16.1 months (range 1-42), with the survival curve depicted in a. These 20 patients can be further subdivided based on the results of next-generation sequencing into patients with next-generation sequencing confirmed canonical EML4-ALK rearrangements (n = 14; mean survival 20.6 months; range = 3-42 months), patients with non-canonical ALK rearrangements (n = 3; mean survival 7 months; range = 1-11 months), or no rearrangement at all (n = 3; mean survival 3.8 months; range = 1-8 months). The survival curves of these groups are compared in b, and confirm a statistically significant difference in overall survival between those patients harboring an EML4-ALK rearrangement and those patients who do not (P = 0.002 by Gehan-BreslowWilcoxon test). The differences in mean survival between patients with confirmed EML4-ALK and those with either non-canonical rearrangements or no rearrangements detected by next-generation sequencing are also each statistically significant (P = 0.011 and P = 0.003, respectively, by Gehan-Breslow-Wilcoxon test). There is no significant difference in overall survival between patients with non-canonical rearrangements and those with no rearrangement (P = 0.67 by Gehan-Breslow-Wilcoxon test), although the number of patients in each group is quite low.
rearrangements and those with non-canonical rearrangements or without a rearrangement confirmed by next-generation sequencing (P = 0.011 and P = 0.003, respectively, by Gehan-Breslow-Wilcoxon test (GBWT)).
Discussion
EML4-ALK rearrangement, despite detection in only a small proportion of lung adenocarcinoma, is an important predictor of response to targeted therapies. Using DNA sequencing, RNA-Seq, and protein immunohistochemistry to evaluate ALK FISHrearranged cases, we demonstrate a significant degree of genomic heterogeneity in ALK-rearranged non-small-cell lung cancer. We note that previous studies have found only 60% of patients with evidence of an ALK rearrangement by FISH achieve an objective response to ALK inhibitors [10] [11] [12] [13] [14] [15] and that a similar percentage of cases in our study appear to harbor EML4-ALK rearrangements confirmed by next-generation sequencing (21/33 cases or 64%). Moreover, we show that among patients treated with anti-ALK targeted therapy, overall survival (OS) is increased among those with canonical EML4-ALK rearrangements compared to those with novel, or no rearrangements detected by sequencing. It is therefore possible that genomic heterogeneity of ALK fusion breakpoints accounts for some of the difference in treatment response observed in other studies.
There are technical limitations in formalin-fixed, paraffin-embedded FISH ('technical false-positives'), including cutting artifact, atypical pattern, and interpretive bias. 49 There is also biologic variation, potentially yielding therapeutic non-response ('biologic false-positives') including 'non-productive rearrangements,' multiple rearrangements, resistance variants, and driver variants in other pathways, among others. Although this study focuses on evaluation of ALK-FISH-positive lung adenocarcinoma and therefore cannot address molecular correlation in ALK FISH negative lung adenocarcinoma, a recent study by Ali et al 26 compared FISH to a similar DNA sequencing method, and demonstrated a substantial improvement in ALK fusion detection rates. Immunohistochemistry for ALK protein is meant to remedy some of these shortcomings by specifically detecting cases expressing targetable ALK protein, regardless of the underlying genomic changes. Immunohistochemistry comes with its own interpretive challenges and potential confounders, and itself elides relevant underlying biologic variation. Next-generation sequencing-based testing, therefore, offers a number of potential advantages as a diagnostic or confirmatory test for genomic rearrangements.
Targeted DNA next-generation sequencing specifically identifies breakpoints and rearrangement partners, as well as identifying variants in other genes included in the testing panel. From our data, DNA next-generation sequencing provided additional clinically actionable information beyond what formalin-fixed, paraffin-embedded FISH offered in nine cases (27%). In four FISH-positive but DNA next-generation sequencing-negative cases, activating SNVs were detected in other genes (two in KRAS, one in EGFR). Previous studies have shown that these mutations rarely co-occur with ALK gene rearrangements, 18, 75 suggesting that the FISH results in those cases might represent false-positives (or alternatively subclones of a heterogeneous neoplasm). In six additional cases, DNA nextgeneration sequencing identified rare or previously unreported genomic rearrangements involving the ALK locus: KIF5B-ALK, an unreported isoform of PRKAR1A-ALK, a novel SPDYA-ALK rearrangement, a complex rearrangement including a novel NBAS-ALK rearrangement, and two rearrangements predicted to be 'non-productive,' resulting in no fusion transcript. On the basis of FISH alone, all of these cases are eligible for targeted anti-ALK therapy, but the DNA next-generation sequencing data suggest these cases may not respond. In all, only 21 of 33 (64%) FISH-positive cases were positive for canonical EML4-ALK rearrangements by high-coverage targeted DNA next-generation sequencing, a proportion similar to the reported objective response rate to targeted ALK inhibition. [10] [11] [12] [13] [14] [15] In our data set, DNA next-generation sequencing identified the specific translocation (or provided evidence of mutually exclusive variants) in 95% of cases compared to alternative assays such as rapid amplification of cDNA ends PCR with an estimated sensitivity of 50-70%, depending on the design. 15, 24, 50, 51 Targeted DNA next-generation sequencing clearly offers more detailed information about breakpoint structure than alternative methodologies. The additional information necessitates significantly more interpretation. Formalin-fixed, paraffin-embedded FISH and immunohistochemistry ultimately yield a binary result for the detection of rearrangement involving the ALK locus. In contrast, interpretation of DNA next-generation sequencing data may require characterization of breakpoints and identification and characterization of SNVs in ALK as well as in other genes. Furthermore, a novel genomic rearrangement potentially requires understanding the transcriptional orientation of the respective genes as well as the function and properties of the fusion partner, as dimerization has been reported to be a key component of constitutive activation of the EML4-ALK fusion protein. 3, 7, 32 Novel and complex chromosomal rearrangements can be particularly challenging to interpret (for example, case number 17 in Table 2 and Figure 4) . Although it may appear that the 3′ domain of ALK is fused to inactive DNA, nearby genes may be capable of initiating transcription or splicing, resulting in a viable transcript. Cryptic promoters and splice sites, currently difficult to detect in the routine interpretation of next-generation sequencing data, can also result in a transcript, as well as the underappreciated phenomena of intergenic splicing 76 and alternative transcript initiation. 68 RNA-Seq directly identifies fusion transcripts and quantifies transcript expression, offering a more direct test of clinically relevant ALK variation. In our data, RNA-Seq and DNA next-generation sequencing demonstrate a high degree of concordance for detection of rearrangement (92%). In one case, RNA-Seq identified a fusion transcript not detected by DNA next-generation sequencing. However, in general the main drawback of RNA-Seq is the notorious lability of RNA, especially from formalin-fixed, paraffin-embedded tissue, for which pre-analytic specimen processing can significantly alter results.
In principle, ALK immunohistochemistry offers several advantages over other methodologies: it directly detects the highly stable targetable protein, and is a comparatively simple/rapid technique already available to many anatomic pathology laboratories. In practice, though, immunohistochemistry can be inconsistent, resulting in technical errors due to fixation time or inter-observer variability. Our data suggest that, just as with formalin-fixed, paraffin-embedded FISH, immunohistochemistry masks underlying relevant biologic variability. Case number 17 is illustrative-immunohistochemistry is positive, likely due to the novel NBAS-ALK fusion, but does not reflect the multiple breakpoints detected by DNA next-generation sequencing, a feature that has been associated with acquired therapeutic resistance. 44 Of the testing methods compared in this study, only DNA next-generation sequencing would accurately capture the potential therapeutic resistance in this case.
The relative advantages and disadvantages of formalin-fixed, paraffin-embedded FISH, DNA nextgeneration sequencing, RNA-Seq, and immunohistochemistry are summarized in Table 3 . Ultimately, though, the salient question is whether a particular testing methodology more accurately predicts response to targeted ALK inhibition. For this reason, knowledge of clinical outcomes is essential. Among patients tested with both FISH and next-generation sequencing prior to receiving anti-ALK therapy (n = 20), those patients with the canonical EML4-ALK rearrangement confirmed by next-generation sequencing showed increased mean survival compared to those patients whose next-generation sequencing results showed no rearrangement or a novel/non-canonical rearrangement (20.6 months compared to 5.4 months, respectively, P o 0.01). Further analysis of ALK FISH-positive patients without detectable rearrangements by sequencing compared to those with non-canonical rearrangements shows no significant difference between the two groups (P = 0.67 by GBWT; Figure 6 ). Although the number of patients in each category is quite low (three in each category), these data raise the possibility that EML4-ALK rearrangements confirmed by next-generation sequencing respond better Genomic heterogeneity of ALK fusions to treatment than those not confirmable by nextgeneration sequencing. These data are consistent with the idea that canonical ALK fusions detected by sequencingbased methods have better response to anti-ALK therapy; however, our patient cohort is difficult to comprehensively assess for clinical outcomes due to several limitations. First, the number of patients is small, and therefore the study cannot be controlled for either demographic factors (age, ethnicity, and so on) nor for differences in biology (different EML4-ALK isoforms, novel fusion partners, and so on). Moreover, the survival analysis was performed retrospectively and not as part of a well-controlled clinical trial; many of the patients in the study were not started on targeted anti-ALK therapy despite positive ALK FISH results, and many had advanced disease or were not therapeutically naive at the time of initial testing; their tumors may have developed resistance mechanisms or other genomic changes prior to the detection of ALK rearrangement. Therefore, this study cannot definitively address anti-ALK therapeutic response based on sequencing data. Larger, controlled, prospective trials will be needed to more rigorously characterize the exact therapeutic significance of ALK genomic heterogeneity.
Translocation driven cancers are complex and genomic profiling must be approached with a robust understanding of both the underlying biology and the technology used in its assessment. Formalinfixed, paraffin-embedded FISH and immunohistochemistry are comparatively straightforward to perform and interpret, but belie much of the underlying complexity. Our limited clinical outcome data and the observation that ALK FISH-positive cases harboring mutations thought to be mutually exclusive with ALK rearrangements tested negative by direct sequencing-based methods suggest that ALK FISH has a considerable false-positive rate. In contrast to FISH and immunohistochemistry, next-generation sequencing-based technologies can reveal a great deal more about the tumor-potentially increasing specificity-at the cost of making testing and interpretation more technically challenging and timeconsuming. Despite the increased resolution, it is also important not to over-interpret next-generation sequencing results: from our series, 3 cases (numbers 1, 6, and 17) are predicted to generate 'nonproductive' rearrangements and therefore seem unlikely to respond to tyrosine kinase inhibitor treatment, but at least two of those cases (numbers 1 and 6) do seem to have had a significant response. We note however that both were sequenced after the initiation of anti-ALK therapy, potentially suppressing the founder clone below the limit of detection of next-generation sequencing (Table 2 and  Supplementary Table 4 ). In any case, it is clear that the detection of a 'non-productive' rearrangement should be acknowledged, but should not be considered a counter-indication to tyrosine kinase inhibitor therapy. In case numbers 1 and 17, the availability of complementary testing (immunohistochemistry and/or RNA-Seq) offered orthogonal resolution to what might otherwise be challenging data. Optimal testing strategy may best be achieved with different modalities complementing each other, either concurrently or sequentially.
In this study, we demonstrate significant genomic heterogeneity among non-small-cell lung cancer deemed 'ALK positive' by FISH. Given such heterogeneity and the advantages conferred by different testing technologies, we suggest multi-modality testing for ALK rearrangement including sequencing-based diagnostics, FISH, and immunohistochemistry. We provide compelling evidence for an increased role for next-generation sequencingbased rearrangement detection in the initial, diagnostic work-up of lung cancer. Advantages of upfront next-generation sequencing-based testing include the detection of chromosome level changes (ALK rearrangements) as well as nucleotide-level mutational data (alternative drivers, resistance variants, and so on). It makes sense to pair assays according to their relative strengths and weaknesses: a more rapid, US-FDA-approved assay (FISH or immunohistochemistry) with a more comprehensive but time-consuming sequencing assay; an assay detecting chromosomal breakage with an assay detecting RNA or protein expression; a directly visualized assay with a sequencing-based assay (ie, if ALK FISH is used for screening, use RNA-Seq for confirmation, and if ALK immunohistochemistry is used for screening, use DNA next-generation sequencing for confirmation; see Supplementary Figures 1a and b) .
Although these simple algorithmic approaches are attractive, challenges remain in generalizing clinical laboratory testing. ALK FISH and ALK immunohistochemistry are both US-FDA-approved companion diagnostics, and are likely to persist regardless of other considerations. We also note substantial differences between clinical laboratories in terms how DNA-and RNA-based ALK rearrangement testing is performed. These differences may include sequencing depth, wet-lab target enrichment methods, and bioinformatic analyses that may give rise to differing detection sensitivities and specificities between laboratories. Moreover, as the number of clinically relevant rearrangements in lung cancer increases, targeted DNA-based sequencing rearrangement detection methods (which require targeting of introns) may prove impractical, yielding to methods such as RNA-Seq, Anchored multiplex PCR, 77 or whole-genome sequencing. 78 Although it may be ideal to perform both RNA and DNA sequencing on every lung adenocarcinoma regardless of ALK FISH or immunohistochemistry status, such an approach may not be economically feasible at present. Two potential testing algorithms are presented in Supplementary Figures 1c and d , attempting to account for differences in the complexity of testing likely to be available in a given laboratory. Given the wealth of information that can be obtained via clinical sequencing-based diagnostics, the precipitous decline in sequencing costs, and the widespread availability of next-generation sequencing-based assays, we expect that such testing will continue to proliferate, and consensus on best practices will emerge.
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